An aneurysm of the aorta is a common pathology characterized by segmental weakening of the artery. Although it is generally accepted that the vessel-wall weakening is caused by an impaired collagen metabolism, a clear association has been demonstrated only for rare syndromes such as the vascular type Ehlers-Danlos syndrome. Here we show that vessel-wall failure in growing aneurysms of patients who have aortic abdominal aneurysm (AAA) or Marfan syndrome is not related to a collagen defect at the molecular level. On the contrary our findings indicate similar (Marfan) or even higher collagen concentrations (AAA) and increased collagen cross-linking in the aneurysms. Using 3D confocal imaging we show that the two conditions are associated with profound defects in collagen microarchitecture. Reconstructions of normal vessel wall show that adventitial collagen fibers are organized in a loose braiding of collagen ribbons. These ribbons encage the vessel, allowing the vessel to dilate easily but preventing overstretching. AAA and aneurysms in Marfan syndrome show dramatically altered collagen architectures with loss of the collagen knitting. Evaluations of the functional characteristics by atomic force microscopy showed that the wall has lost its ability to stretch easily and revealed a second defect: although vascular collagen in normal aortic wall behaves as a coherent network, in AAA and Marfan tissues it does not. As result, mechanical forces loaded on individual fibers are not distributed over the tissue. These studies demonstrate that the mechanical properties of tissue are strongly influenced by collagen microarchitecture and that perturbations in the collagen networks may lead to mechanical failure.
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A ortic aneurysms are localized dilatations of the aortic wall that are caused by segmental weakening of the vessel wall. Although aneurysms generally are without clinical symptoms, larger aneurysms may rupture, and bleeding from a ruptured aneurysm is responsible for more than 15,000 annual deaths in the United States alone (1) .
Aneurysm formation relates to a primary or secondary (acquired) defect in the matrix structures supporting the vessel wall resulting in attenuation and ultimate failure of the vessel wall (2) . Although extensive loss of medial elastin traditionally is considered the hallmark of aneurysm formation, it now is acknowledged that aneurysmal growth and ultimate rupture relate to impaired collagen homeostasis (2). Remarkably, although numerous studies have looked for putative quantitative changes in aortic collagen, results reported to date are controversial (3) (4) (5) . With the exception of rare mutations in the collagen III gene such as the vascular type of Ehlers-Danlos syndrome, no clear association between impaired collagen homeostasis and aneurysm growth and/or rupture has been identified.
In search of the collagen defect(s) underlying aneurysm formation, we applied an integrated approach of biochemical analyses, multiple imaging modalities, and functional analysis by atomic force microscopy (AFM) to identify the putative collagen defect in aortic abdominal aneurysm (AAA) and in Marfan syndrome, by far the two most common forms of aortic aneurysms. Results of this evaluation show that advanced stages of aneurysmal disease are characterized by distinct defects in the adventitial collagen skeleton armoring the vessel wall rather than by purely biochemical defects.
Results
Vascular load-bearing collagen is composed of highly stable type I and III fibrillar collagens that are stabilized further by intramolecular cross-linking (6) . Biochemical as well as morphometric evaluation showed similar collagen concentrations in aneurysm wall from patients with Marfan syndrome and normal, non-aneurysmal control aorta, whereas elevated collagen concentrations were found in AAA (Fig. 1A) . The ration of type I/III collagen mRNA expression was similar in control aorta, Marfan syndrome, and AAA (Fig. S1 ). Expression of lysyl oxidase was higher in the aneurysm wall from patients with Marfan syndrome (P < 0.05; Fig. S1 ). Evaluation of intermolecular collagen cross-linking through quantification of nonreducible lysyl oxidase-initiated collagen cross-links (hydroxylysyl pyridinoline/lysyl pyridinoline cross-links) (7) showed increased intramolecular collagen cross-linking in the aneurysmal wall in both AAA and Marfan tissue (Fig. 1A) . These biochemical findings for AAA are in line with reports in the available literature, and none of the findings indicates a quantitative or qualitative defect in vascular collagen at the molecular level in AAA or in aneurysms of patients with Marfan syndrome.
In the absence of a clear defect at the biochemical level, we sought for possible structural defects in collagen organization. Histological evaluation (Picrosirius Red collagen staining) (Fig.  1B) and immunohistological staining for collagen type I and III (Fig. S2 ) show distinct differences in collagen organization in the medial and adventitial layers of the (grossly) normal aortic wall. A similar pattern but with minor fibrotic changes is seen in the aneurysm wall of patients with Marfan syndrome (Fig. 1B and  Fig. S2 ). Collagen deposition in AAA, on the other hand, is hallmarked by complete loss of vessel-wall architecture and deposition of disorganized and condensed collagen (Fig. 1B and Fig. S2 ), a finding that is consistent with fibrosis.
Because the regular 2D images may mask structural defects in the third dimension (8), we also created 3D reconstructions of the medial and adventitial collagen microarchitecture using the Z-stack function on the confocal microscope. These reconstructions show a clearly distinct collagen organization in the medial and adventitial layers of the normal aortic wall (Fig. 2) . Collagen deposition in the medial layer is best characterized by small, interdispersed collagen fibrils that run mainly perpendicular to the circumferential elastic sheets ( Fig. 2A ). Adventitial collagen, on the other hand, is arranged in a loose knitting of highly organized ribbon-like collagen bands that brace the medial and intimal layers of the vessel wall (Fig. 2B ). These different architectures appear optimal for achieving the different functionalities for the aortic medial and adventitial layers (elastic recoil and resilience, respectively) (9, 10).
Evaluation of collagen architecture in aneurysms of patients with Marfan syndrome showed minor changes in the medial layers of the aortic wall ( Fig. 2C ) but a dramatically disturbed collagen architecture in the adventitial layer, with complete absence of the normal collagen fibril organization and deposition of thin parallel collagen fibrils (Fig. 2D) .
Reconstructions for the AAA (Fig. 2E) show complete loss of the normal architecture, loss of the distinction between medial and adventitial collagen organization, and deposition of aggregated, parallel collagen sheets that appear rigid.
The disordered properties of the collagen microarchitecture in AAA and in the adventitial layer of aneurysms from patients with Marfan syndrome suggest that defects in adventitial collagen organization underlie the weakening of the aortic wall. To test this hypothesis, we performed functional analysis by AFM on normal and aneurysmal adventitial aortic sections. AFM is an established means to test the mechanical properties of individual proteins, cells, and tissue (11, 12) . AFM experiments are performed by indenting the tissue at multiple points with a needle and testing the mechanical response (13) . The tissue response to the indentation then is used to calculate the elasticity (Young's modulus) for the given point. (The method is described in SI Materials and Methods.) Multiple individual elasticity measurements then are integrated to create a visual representation (stiffness map) of the probed area. The high force resolution of the AFM (in pico-newtons) and its high lateral resolution (i.e., several elasticity measurements per square micrometer) make AFM ideal for precisely mapping the mechanical properties of tissue at the microscale level, thereby allowing comparison of the elasticity map with the confocal images (Fig. 2) . Moreover, the individual elasticity measurements can be compiled into a histogram that can be used to express the distribution of the elasticity of the arterial wall at a larger scale.
Tissue (adventitial layer) was probed at two different levels by using different AFM cantilevers: a sharp tip (20-nm end radius) and a blunter ball tip (10-μm radius). These two tips allow a comparison of the different scales in the tissue. The size of the sharp tip is chosen to interact only with individual molecules in the tissue (individual fiber level), whereas the larger ball tip is designed to probe at the tissue level (fibril behavior). The elasticity modulus (Young's modulus) was calculated for each indentation, because then the size and shape of the indenter can be removed, allowing direct comparison of the two measurements. The combined measurements provide a complete picture of the mechanical properties of the tissue and allow the AFM measurements to be compared with previous conventional studies of the mechanical properties of AAA and normal aorta segments (14, 15) . Note, however, that all measurements are performed on a microscale level, not fully loading the fibers.
Stiffness histograms combining the individual data points show that the tissue response of the control adventitia is independent of the size of the tip that is used. This finding indicates that the normal adventitial tissue behaves as a highly coherent network. The stresses encountered by the tissue are dispersed equally over the whole network, and the scale of the challenger does not matter. The fact that the sharp indenter is not able to penetrate the network to a greater extent than the ball tip shows that the individual collagen fibers are densely interconnected, because the fibers do not slide out of the way and are all pulled when a single fiber is moved.
The major difference between the aneurysmal tissues and normal tissue is immediately apparent from the histogram in Fig. 3 and the AFM force-volume spectroscopy (Fig. S3) . Unlike normal tissue, the stiffness of AAA tissue is clearly dependent on the size of the AFM tip: The ball tip, which interacts with the larger structures, senses a very stiff tissue. This observation is in line with our confocal images and conventional biomechanical studies that show that AAA tissue has become stiffer (16) . The sharp tip, on the other hand, meets hardly any resistance, suggesting that the sharp tip pushes the fibers of the extracellular matrix aside. This observation indicates that the interconnections that normally allow the tissue to behave as a coherent network are missing in AAA.
Probing of Marfan aneurysmal tissue shows a tissue behavior that is clearly distinct from both control aorta and AAA tissue. The larger ball tip senses stiffness similar to that of normal tissue, suggesting that under the conditions of the AFM experiment (a resting, nonstretched state) the tissue elasticity at a larger scale equals that of normal aortic wall. The sharp tip, on the other hand, finds little resistance and plunges through the tissue just as it did with AAA tissue. This observation indicates that the individual fibers are pushed aside when probed with the 25-nm tip and thus that the loaded fibrils are unable to transfer the stress and strain to the neighboring fibrils (i.e., absence of network behavior).
Another remarkable finding distinct to the Marfan tissue is that sections of the tissue collapse as the force is applied (Fig. S4) . These sections appear to be small voids in the collagen network that also are observed in the confocal images (Fig. 2D) . Such voids could provide sites susceptible to dissection or rupture (17) .
Discussion
This study shows that advanced aneurysms in AAA and Marfan syndrome are associated more with distinct defects in the collagen microarchitecture than with a collagen defect at the biochemical level. These architectural defects result in loss of the normal stress-strain curve and in impaired collagen network behavior, both of which can contribute to the aortic wall failure.
Visualization of adventitial collagen structures in the control aorta shows a collagen architecture that is best described as a loosely knitted network of interwoven collagen ribbons encasing the medial layer. A similar architecture has been described previously for the adventitial layer of the urine bladder, and it was shown that the collagen ribbons align during bladder filling, thereby allowing the bladder to distend easily but preventing overstretching (18) . The aortic adventitial layer may serve a similar purpose: Its flexibility allows the arterial wall to dilate easily but resists overstretching once fully loaded. Such a construction is similar to the textile and metal plies in a steel-belted radial tire that allow flexibility but prevent failure in extreme conditions.
The different architectures of the medial and adventitial layers may well explain the J-shaped stress-strain curve (i.e., the nonlinearity of the curve) of the normal vessel wall and suggest that the two layers have different functionalities, the elastic medial layer being responsible for the flat, horizontal part of the curve and the adventitial knitting resulting in the steep arm of stress-strain curve (19) .
Visualization of the collagen braiding in Marfan aneurysms and AAA in vessel-wall samples that were obtained at the time of operation (i.e., from advanced stages of the disease) shows that the collagen fibrils run almost in parallel, thereby limiting their ability to stretch, and therefore stiffen the vessel. This observation is well in line with biomechanical studies that show that both AAA and Marfan aneurysms are stiffer than the normal vessel wall (16, 20) .
The increased stiffness of AAA tissue also is immediately apparent from the AFM experiments performed with a ball tip that show a sharp increase in the effective Young's modulus for AAA tissue, indicating that the tissue resisted even the minimal indentations (2-3 μm) by the AFM tip. The similar Young's moduli for ball-tip experiments in normal aorta and aortas from patients with Marfan syndrome seemingly conflict with biomechanical studies that indicate that Marfan tissue is stiffer than normal tissue (20) . This apparent contradiction presumably reflects a limitation when AFM measurements are performed under resting, nonstretched conditions. The confocal images clearly show that under such conditions collagen fibrils in Marfan tissue adopt a wave-like pattern that allows them to stretch when probed with the AFM tip.
Findings from this study also point to defects in collagen network behavior in the aneurysmal tissues studied. Network behavior has long been recognized as a key to mechanical stability in the field of structural design, but, remarkably, in the biomedical context network behavior has only been reported for bone tissue (12). Our results indicate that aneurysms in both AAA and Marfan tissue are associated with defects at all three scale lengths (i.e., at the intrafibril, intrafiber, and suprafiber levels). Impaired network behavior may interfere with the dissipation of the mechanical forces over the arterial wall, thereby contributing further to the mechanical failure of the aortic wall.
In conclusion, the findings in this study provide a structural explanation of how biological tissue (i.e., normal arterial wall) can acquire its typical nonlinear stress-strain curve and also can settle the longstanding controversy regarding the existence of a collagen deficiency in AAA. We show that defects in collagen architecture and network behavior, rather than a defect at the molecular level, explain the debilitation of the aortic wall in AAA and aneurysms in Marfan syndrome. The observed changes in AAA do not necessarily reflect the primary cause of AAA formation. More likely, the changes in AAA reflect inappropriate collagen deposition (fibrosis) in an environment that is characterized by sustained inflammation and activation of multiple proteolytic pathways. The findings in Marfan syndrome, on the other hand, may reflect a primary defect: Unlike AAA, aneurysms in patients with Marfan syndrome do show signs of increased inflammation and proteolytic activities (21) . As such, the observed defects in the collagen microarchitecture may reflect a primary defect that could relate to impaired TGF-β signaling. However, the strong link between a defect in the fibrillin gene and development of Marfan syndrome also may reflect a role of fibrillin in the organization of the collagen bands in the adventitial layer. This notion is supported by the fact that fibrillin is localized predominantly in the adventitia of the normal aortic wall (Fig. 4A) and by the pattern of fibrillin deposition that is similar to that of the adventitial collagen network (Fig. 4B) . Our findings confirm the longstanding assumption that Marfan syndrome is a collagen disorder (22) and show that Marfan syndrome is associated with a defect in collagen network organization. Such a defect may well explain most of the other phenotypical features of Marfan syndrome which appear related to collagen dysfunction (e.g., skeletal deformities, hernias, dural ectasia, and ectopia lentis).
We speculate that defects similar to those in AAA explain the longstanding apparent contradiction between increased collagen content but reduced mechanical strength during wound healing and scar formation (23) . Microarchitectural defects in collagen network formation may well contribute to scar formation in postfetal wound healing that currently is attributed to a reduced elastin transcription after birth (24) .
Materials and Methods
All human arterial wall samples were provided by the Vascular Tissue Bank, Department of Vascular Surgery, Leiden, The Netherlands. Sample collection and handling was performed in accordance with the guidelines of Medical Ethical Committee of the Leiden University Medical Center, Leiden, The Netherlands, and the code of conduct of the Dutch federation of Biomedical Scientific Societies (http://www.federa.org/?s=1&m=78&p=&v=4).
Anterior lateral aneurysm wall samples were obtained from patients with an AAA >55 mm undergoing elective open repair (AAA group: n = 17, mean age 72.4 ± 6.2 years). Thoracic aortic aneurysms (ascending aorta, diameter >50 mm) of Marfan patients were obtained during elective repair (Bentall procedures) (Marfan group: n = 11, age 26.9 ± 8.2 years). All Marfan patients met the international criteria for Marfan syndrome (25) .
Control (normal) abdominal aortic wall was obtained during kidney explantation for organ donation. All these control samples were obtained from the level of the renal artery, i.e., from a location comparable to that of the samples from AAA patients (n = 11, age 55.6 ± 10.2 years). The primary cause of the fatal brain injury in this control group was a major head trauma or subarachnoidal bleeding.
Control thoracic aorta (post mortems) from patients dying from noncardiac causes was used as a histological reference for the Marfan tissue.
Following excision, half of the sample was fixed in formalin for 24 h, decalcified in Kristensen's solution, and subsequently embedded in paraffin for immunohistochemical analysis. The remaining half was immediately flash-frozen in liquid nitrogen for mRNA analysis and for the preparation of cryosections.
Details on the biochemical, histological, and AFM methodology and reproducibility (Fig. S5) , and statistical analysis are provided in SI Materials and Methods. 
